We explore the structural properties of anomalous fluids confined in a nanopore using Molecular Dynamics simulations. The fluid is modeled by core-softened (CS) potentials that have a repulsive shoulder and an attractive well at a further distance. Changing the attractive well depth of the fluid-fluid interaction potential, we studied the behavior of the anomalies in the translational order parameter t and excess entropy s ex for the particles near to the nanopore wall (contact layer) for systems with two or three layers of particles. When the attractive well of the CS potential is shallow, the systems present a three to two layers transition and, additionally to the usual structural anomaly, a new anomalous region in t and s ex . For attractive well deep enough, the systems change from three layers to a bulk-like profile and just one region of anomaly in t and s ex is observed. Our results are discussed in the basis of the fluid-fluid and fluid-surface interactions.
I. INTRODUCTION
Anomalous fluids exhibit a set of properties called anomalies that divert from the observed in simple fluids. The increase of density with the temperature at a fixed pressure and the increase of diffusivity under compression are examples of these anomalies. Water is the most well known fluid that present thermodynamic, dynamic and structural anomalous behavior [13] [14] [15] [16] and silicon 17 show a maximum in the diffusion coefficient at constant temperature, similar to what happens in water 18, 19 .
What these materials have in common that allow them to have anomalous properties? In order to answer to this question a measure of order of the liquid system was proposed 13, [20] [21] [22] .
The translational order parameter,
measures the tendency of pairs of molecules to adopt a preferential separation. t vanishes for an ideal gas, and is large for a crystal. For normal liquids t increases with the increase with density, since the liquid becomes more ordered as it becomes more dense. In anomalous liquids there is a region in density in which t decreases with the increase of density. This decrease of structure with the increase in density indicates that the pairs of particles have two preferential separations: one more ordered in which particles are at further distance and another more disordered in which particles are closer 21 . As the density increases these bimodal distribution changes favoring the more disordered structure.
While t indicates through the structure the presence of the length scales the excess entropy [23] [24] [25] [26] gives a thermodynamic measure of the presence of anomalies in liquids 27 . The excess entropy is defined as the difference between the entropy of a real fluid and that of an ideal gas at the same temperature and density, namely s ex = s − s ig . In principle the ideal entropy is s ig = ln ρ + f (T ) where f (T ) is a function of the temperature only. In the limit of ρ → ∞, s ex → 0 − . For normal liquids as the density increases, s ex decreases.
The anomalous materials described above are characterized for having a region in density in which (∂s ex /∂ ln ρ) > 0 21, 27 . This unusual behavior of s ex is also related to the presence of two length scales 27 . Even though t is related with the structure while s ex to the thermodynamics these two quantities are in fact related. This becomes clear if the two body approximation for s ex namely
is employed. From the definitions of s 2 and t , both of which depend on deviations of g(r)
from unity, it is to be expected that variations in s 2 and t would be anticorrelated. Thus, the existence of a maximum in s 2 at high densities implies a minimum in t as a function of density. These two quantities connect the thermodynamic and structure by the two length scales.
Notwithstanding the relevance of the thermodynamic and dynamic anomalous bulk properties of the systems above, novel developments had arisen in the confined structures 28 . In confined systems, crystallization is not uniform and depends on the size of the nanopores 29, 30 .
Simulations for SPC/E water, for example, show partial crystallization inside nanotubes that leads to phase transitions not observed in bulk system 31, 32 . A transition between a bilayer ice and a trilayer fluid for different degrees of confinement also are observed for water 33, 34 .
Under high degrees of confinement, water can form a monolayer ice and behaves very different from bulk systems 35, 36 , similar to what happens with two-dimensional core-softened fluids [37] [38] [39] . For confined systems, some anomalous liquids also present layering transition 40 , superflow [41] [42] [43] [44] and distinct dynamic behavior [45] [46] [47] . Oscillations in the solvation force 48 and a dramatic increase of the viscosity can occur in ultrathin confined fluids 49 .
What does drive these novel phenomena observed in nanoconfined anomalous fluids?
Under confinement, anomalous fluids exhibit properties not observed in bulk [29] [30] [31] [50] [51] [52] [53] . The confined fluid is not distributed uniformly in the nanopore but forms layers. Therefore, the new anomalous properties that arise under confinement are related to the presence and structure of the layers. For instance, each layer might crystallize at a different temperature 54 .
Also the number of layers and their structures depend on the nanopore size and structure and on the fluid-wall interaction potential 46, 47 . Acknowledging that the presence of the layering structure is responsible for the novel behavior observed in anomalous fluids under confinement it is reasonable to think that the new properties appear as the result of the competition between the two fluid-fluid length scales and the fluid-wall length scale.
In order to check this hypothesis, in this paper we explore the behavior of the translational order parameter, t, and the excess entropy, s ex , as a function of density and temperature of a confined model system of particle interacting through a core-softened potential. This two length scales coarse-grained potential in the bulk exhibits the density, the diffusion and the structural anomalies [55] [56] [57] IV we present our conclusions.
II. THE MODEL AND THE SIMULATION DETAILS
A. The Model
The anomalous fluid was modeled using an isotropic effective potential 57 given by
where r ij = | r i − r j | is the distance between the two fluid particles i and j. All these potentials are characterized by two length scales: one at the shoulder distance and another at the minimum of the potential. These two length scales can be seen more explicitly in the bulk radial distribution function that exhibits two peaks at these two rep- In all cases the system was composed by N spherical particles of diameter σ and mass m confined between two smooth fixed walls, or plates, with area L 2 . The center-to-center plates distance is L z . A schematic depiction of the system is shown in Fig. 1 (b). The particle-wall interaction was given by the sixth power (R6) potential 54 ,
where z cw = 2.0σ and U R6c = 4ε (σ/z cw ) 6 + 0.1875ε(z cw /σ). The term z ij measures the distance between the wall at j position and the z-coordinate of the fluid particle i. This potential represents a hydrophobic nanopore-fluid interaction.
B. The simulation details
The simulations were performed in the NV T ensemble considering N = 507 particles.
The plates have fixed positions and the distances between them was varied from L z = 5.3σ
to L z = 7.5σ, depending on the model considered. For each system, at a fixed L z , different densities were obtained changing the simulation box size in the x and y direction, L, and consequently the plates size, from 20σ to 65σ. Standard periodic boundary conditions were applied in the x and y directions. Because of the excluded volume due the fluidplate interaction, the distance L z between the plates needs to be corrected to an effective
The symbol e will be omitted in order to simplify the discussion. We analyze the structure of the system using the lateral radial distribution function g || (r || ) and the translational order parameter, t. The g || (r || ) is defined as
where the Heaviside function θ(x) restricts the sum of particle pair in a slab of thickness δz = σ for the contact layer. The radial distribution function is proportional to the probability of finding a particle at a distance r from a referent particle.
The translational order parameter t is defined as 13,21,22
where ξ = r (ρ l ) 1/2 is the interparticle distance in the direction parallel to the plates scaled by the density of the layer,
N l is the average of particles for each layer. We use
The parameter t measures how structured is the system.
For an ideal gas, g(r) = 1 and, consequently, t = 0, whereas for structured phases, like crystal and amorphous solids, t can assume large values.
The excess entropy is defined as the difference between the entropy of a real fluid and the ideal gas at the same temperature and density. As the systems are organized in layers of different structures, it is possible to define an excess entropy for each one, that can be approached as follows [23] [24] [25] [26] 
The physical quantities will be measured in the standard LJ units 58 , namely
for distance and density of particles, respectively, and
for temperature and excess entropy, respectively. Since all physical quantities are defined in reduced LJ units in this paper, the * will be omitted, in order to simplify the discussion.
Data errors are smaller than the data points and are not shown. The data obtained in the equilibration period was not considered for the quantities evaluation.
III. RESULTS AND DISCUSSION
Usually fluids confined between flat plates are structured in layers. They can be classified in contact layers, which are in contact with the walls, and central layers, which are in the nanopore center without contact with the walls. The layer properties depend on the temperature, density and separation of the plates. In order to relate the fluid anomalies with the structure of the layers we have analyzed systems with two or three layers.
The Fig. 3 shows the transversal density profiles for each model. The Fig. 3(a) shows that at T = 0.150 potential A shows a transition from a regime of three layers at L z = 6.8 and In order to test this in more detail in the next section the translational order parameter and the excess entropy will be analyzed for the four potentials. 
Translational order parameter
The translational order parameter, t, was measured for the contact layer according to Eq. 5 for all the four models. Fig. 4 shows the parameter t as function of layer density ρ In normal fluids t increases monotonically with ρ for all temperatures, but anomalous fluids exhibit a region in the pressure versus temperature phase diagram in which t decreases with ρ leading to a density of maximum t at ρ tmax and a density of minimum t at ρ tmin . The interval of densities between ρ tmax < ρ < ρ tmin defines the anomalous region in the pressure versus temperature phase diagram. The two densities, ρ tmax and ρ tmin , are associated with the two characteristic length scales of potential: one close to r ≈ 1.2 and another at r ≈ 2.5.
In the case of confined systems (e) a zoom of the first peak of the LRDF for systems with two layers and two to three layers, respectively, and in (f) the competition between scales in the LRDF for systems with three layers.
The arrows indicate the increase of density.
bulk system, the densities of maximum and minimum t, ρ Fig. 5 (a) identify the number of layers in each region of the t versus contact layer density plot. Fig. 5 (b) shows that for high densities, ρ l > ρ l tmin1 (blue curves), the system is ordered in three layers, while for low densities, ρ l < ρ l tmax1 (red curves), shows just two well defined layers. The inset shows a zoom in the center of the plates illustrating that the new anomalous region in t happens for ρ l max1 < ρ l < ρ l min1 , the region of densities where the system melts the central layer.
For the bulk system the peaks at the radial distribution function can be associated with the anomalous behavior of t and s ex . For a fixed temperature two peaks associated with the two length scales of the potential at the g(r) are present. As the density increases, the peak in the g(r) associated with the smaller length scale, r ≈ 1.2, increases while the larger peak, r ≈ 2.5, decreases. The same phenomena can be seen for the lateral radial distribution function versus the lateral distance for ρ l > ρ l min1 illustrated in Fig. 5 (c) (the blue plots) and Fig. 5 (f) . This means that particles in all the three layers accommodate in arrangements in the two length scales. For low densities, ρ l < ρ l tmax1 , there is only a peak at the larger length scale and this peak increases with the increase of density as illustrated in the transversal density profiles in Fig. 6 (b) . Two well defined layers, like observed for very low densities at T = 0.150 was not observed here, for T = 0.400. The lateral radial distribution function versus lateral distance was analyzed in Fig. 6 (c) . For low densities the system presents a bulk-like profile and the g || (r || ) presents the first peak around r || ≈ 2.5.
A zoom of this first peak is shown in Fig. 6 (d) . As the density increases, this first peak in the g || (r || ) increases, as indicated by the arrow, and consequently the parameter t increases.
Whereas, for high densities, the first peak occurs at r || ≈ 1.2 and a competition between scales is observed ( Fig. 6 (e) ) and the anomalous behavior in t is detected. The two to three layers transition does not occur and, because that, the double region of structural anomaly is not present. The same behavior was observed for the model B in the cases of one or two anomalous region. For simplicity, this results are not shown.
In the case of more attractive fluid-fluid potentials the fluid-fluid interaction always wins against the wall-fluid interaction and a middle layer that minimizes the fluid-fluid interaction is always formed. Both systems were simulated with plates separated by L z = 7.1. Fig. 7 (a) and (b) show the transversal density profiles for model C at T = 0.300 and model D at T = 0.500, respectively. In these models, the fluid changes from three layers of particles to a bulk-like profile regardless the system temperature. Therefore, the additional length that arises in models A and B is not present, and the second region of anomaly in t was not observed. The structural behavior for these models at low temperatures is similar to what happens with the models A and B for high temperatures.
The anomalous behavior in translational order parameter is a well known results for bulk systems 13, [20] [21] [22] 27, 61, 62 . Similar to confined systems, Dudalov et al. [37] [38] [39] analyzed the melting scenario of two-dimensional systems using structural order and found results very different from 3D cases. In the same way, our quasi-two-dimensional analysis also gives results completely different from the 3D bulk systems, arising the new anomaly caused by nanoconfinement. A second measure that relates the structure with the presence of anomalies is the excess entropy. In order to confirm that the presence of the new anomalous region in the structure is also related to anomalies in the thermodynamics, the excess entropy was computed for each of the models studied here. The models studied in this work in the bulk exhibit the anomalous increase of s ex with the increase of density 57, 63 . The new region of anomaly in s ex is shown in Fig. 9 (a) The excess entropy is a good tool to understand the dynamic of bulk and confined fluids 64-67 and can be useful to see the presence of density anomaly as well 26, 27, 68 . The increase of attractive well of core-softened models can destroy the water-like anomalies in bulk 57 and the second region of anomaly in t and s ex in confinement by plates.
IV. CONCLUSION
In this work we have analyzed the effects of confinement in a system of particles interacting through models of two length scale potential, varying from a purely repulsive (model A) to models that have an attractive well (models B, C and D).
We found that the confinement in the case of systems in which the fluid-wall interaction competes with the fluid-fluid interaction potentials leads to the appearance of new anomalous region in the translational order parameter versus density phase diagram. This new anomalous behavior is related to the change of structure that happens when the system changes from three to two layers, namely when the center layer melts.
The same behavior is observed from the thermodynamic side by the excess entropy that increases with increasing density.
Our results indicates that by confining and particularly by confining by system with strong interacting walls the confined fluid exhibits new phenomena not observed in the bulk systems.
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